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Mitochondria are dynamic organelles that are essen-
tial for cellular metabolism but can be functionally
disrupted during pathogen infection. In neurons,
mitochondria are transported on microtubules via
the molecular motors kinesin-1 and dynein and
recruited to energy-requiring regions such as syn-
apses. Previous studies showed that proteins from
pseudorabies virus (PRV), an alphaherpesvirus,
localize to mitochondria and affect mitochondrial
function.We show that PRV and herpes simplex virus
type 1 (HSV-1) infection of rodent superior cervical
ganglion (SCG) neurons disrupts mitochondrial
motility and morphology. During PRV infection,
glycoprotein B (gB)-dependent fusion events result
in electrical coupling of neurons and increased
action potential firing rates. Consequently, intracel-
lular [Ca2+] increases and alters mitochondrial
dynamics through a mechanism involving the Ca2+-
sensitive cellular protein Miro and reduced recruit-
ment of kinesin-1 to mitochondria. This disruption
in mitochondrial dynamics is required for efficient
growth and spread of PRV, indicating that altered
mitochondrial transport enhances alphaherpesvirus
pathogenesis and infection.
INTRODUCTION
Mitochondria are essential organelles involved in a variety of
cellular and metabolic processes including ATP production,
Ca2+ homeostasis, and programmed cell death. In neurons,
mitochondria are highly dynamic and are targeted to regions of
the cell with increased energy demands such as growth cones
and synapses (Chang et al., 2006; Li et al., 2004). Disruption of
mitochondrial function and dynamics is implicated in a variety
of neurodegenerative diseases and neuropathies (Sheng and
Cai, 2012). An increasing number of pathogens, including viruses
and bacteria, have been shown to directly or indirectly alter mito-
chondrial function and dynamics (Ohta and Nishiyama, 2011).
However, for many of these pathogens, the role of mitochondrial
disruption during infection and the subsequent consequences
for host cell function remain poorly understood.
Themammalian alphaherpesviruses invade the peripheral and
central nervous system of their hosts (Pellett and Roizman,504 Cell Host & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier I2007). Well-studied alphaherpesviruses include the human
pathogens herpes simplex virus 1 and 2 (HSV-1 and HSV-2)
and varicella zoster virus (VZV), as well as the swine pathogen
pseudorabies virus (PRV) (Pomeranz et al., 2005). These viruses
are pantropic and neuroinvasive. Once in the peripheral or
central nervous system, infection can spread within chains of
synaptically connected neurons. Consequently, HSV-1, HSV-2,
VZV, and PRV are the causative agents of a variety of neurolog-
ical disorders and diseases (Steiner et al., 2007). The cellular and
molecular underpinnings of alphaherpesvirus-inflicted neuronal
damage are central to understanding the cause of symptoms
and pathogenesis that occur during infection.
Like most large DNA viruses, alphaherpesviruses encode
proteins known to perturb mitochondrial function and localiza-
tion, primarily to block apoptotic response pathways (Pomeranz
et al., 2005). For example, the highly conserved pUS3 family of
serine/threonine kinases includes some of the most potent and
best-characterized alphaherpesvirus antiapoptotic proteins
that protect cells during infection by direct or indirect interac-
tions with Bcl-2 family proteins (Munger et al., 2001; Ogg et al.,
2004). Other alphaherpesviral proteins with antiapoptotic func-
tions include pUL7, pUL54, pUS1, pUS5, pUS6, and ICP34.5
(Pomeranz et al., 2005). Additionally, HSV-1 pUL12.5, which
localizes to mitochondria, degrades the mitochondrial genome
early during infection (Saffran et al., 2007). Herpesviral proteins
also affect mitochondrial location in the infected cell. Murata
et al. demonstrated that during HSV-2 infection of epithelial cells,
mitochondria cluster around a perinuclear region of the cyto-
plasm that is enriched with the viral tegument proteins pUL41
and pUL46 (Murata et al., 2000). However, the molecular mech-
anisms underlying such redistribution of mitochondria during
viral infection, as well as the viral and cellular proteins required
for this process, have not been characterized.
Mitochondrial distribution within a cell is dependent upon the
microtubule cytoskeleton and requires the plus end-directed
molecular motor kinesin-1 (KIF5) and the minus-end-directed
motor dynein for efficient bidirectional transport in axons and
dendrites (Hollenbeck and Saxton, 2005). In addition, mito-
chondrial motion is regulated by the local concentration of
calcium ions. Mitochondria stop moving in the presence of
elevated [Ca2+] at active synapses (Macaskill et al., 2009;
Saotome et al., 2008; Wang and Schwarz, 2009). Cellular
proteins, known as Mitochondrial Rho GTPases (Miro 1 and
Miro 2), play central roles in this regulatory pathway (Fransson
et al., 2003). These proteins localize to the outer mitochondrial
membrane and have two calcium-binding EF hand domains
that regulate the activity of both kinesin-1 and dynein, as well
as the interactions of these motors with mitochondrial proteinnc.
Figure 1. Mitochondrial Motility Is Disrupted during Alphaherpesvi-
rus Infection in Neurons
(A) Kymographs of MitoTracker Red-labeled mitochondria in axons frommock
(left panels) and PRV Becker (wild-type virulent strain; right panels)-infected
SCG neurons at 16 hpi. Vertical lines represent stationary mitochondria, and
diagonal lines represent motile mitochondria.
(B) The percentage of motile mitochondria in axons from mock, PRV Becker-,
PRV gB null-infected neurons. The indicated time points are nonoverlapping.
Throughout the paper, for each condition in each time point the percentage of
motile mitochondria was calculated from at least six movies (3 min each) from
at least two biological replicates. Each movie contained at least 100 mito-
chondria. See the Experimental Procedures for more details.
(C) The percentage of motile mitochondria in axons of HSV-1 KOS-infected
neurons.
(D) The percentage of motile mitochondria in axons of mock or PRV-infected
neurons at 16–18 hpi in the presence or absence of 2 mMTTX. TTX was applied
at 15 hpi, 1 hr prior to imaging. See also Figure S1 and Movie S1. Error bars
representmean ±SEM. Throughout the paper, ns is not significant, * is p < 0.05,
** is p < 0.01, and *** is p < 0.001.
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PRV Infection Disrupts Mitochondrial Transportcomplexes (Fransson et al., 2006). As a result, Miro proteins
serve as calcium sensors that regulate mitochondrial mobility
in response to increased synaptic activity and action potential
(AP) firing (Li et al., 2004; Macaskill et al., 2009). We have found
that after PRV infection of superior cervical ganglia (SCG)
neurons in culture, AP firing increases dramatically (McCarthy
et al., 2009). Since AP firing results in transient increases in
intracellular calcium, we wanted to test the hypothesis that
mitochondrial motion would be affected in PRV-infected
neurons.Cell HIn this study, we have performed an analysis of mitochondrial
dynamics during alphaherpesvirus infection. We show that
mitochondrial motility and morphology are significantly altered
during PRV infection of SCG neurons grown in culture. Our
results suggest that disruption of mitochondrial motility is
a pathogenic effect of infection that is required for efficient viral
spread.
RESULTS
Axonal Transport of Mitochondria Is Disrupted
during PRV and HSV-1 Infection
Dissociated rat superior cervical ganglion (SCG) neurons were
cultured in vitro under tissue culture conditions where only
axons, but not dendrites, are produced (Ch’ng et al., 2005;
Tomishima and Enquist, 2001). Mitochondria were labeled
with the mitochondrial-selective dye MitoTracker Red and visu-
alized by live-cell imaging of regions of the tissue culture dish
that contained only axons and not cell bodies. On average,
40.4% ± 2.1% of mitochondria were motile in axons of mock
infected neurons (Figures 1A and 1B, and see Movie S1 online).
This figure is consistent with previously published studies
(Ligon and Steward, 2000). We next sought to assess the
effect of PRV infection on mitochondrial motility in axons. For
each infection condition, viral inoculum containing 106 pla-
que-forming units (PFUs; titered on epithelial cells) was added
to ensure a synchronous infection of all neurons in the culture
as previously demonstrated (McCarthy et al., 2009). In com-
parison with mock infected neurons, mitochondrial motility
was severely disrupted following infection with PRV Becker
(wild-type) (Figure 1B and Movie S1). While the percentage of
motile mitochondria decreased at the onset of infection
(26.3% ± 2.1% at 0–4 hr postinfection [hpi]), the most dramatic
decrease in motility was observed beginning at 12–16 hpi
(4.0% ± 0.7%). To ensure that axonal transport of other
cargoes can still occur in these cultures, we simultaneously
imaged capsids (labeled with GFP) and mitochondria (labeled
with MitoTracker Red). At 12 hpi, we observed robust capsid
motility in axons even though mitochondrial motility was disrup-
ted (Movie S1). The percentage of motile mitochondria
remained reduced (compared to mock) over the course of
PRV infection, even at the latest time point that we measured
(72 hpi; Figure 1B).
To test whether disruption of mitochondrial motility occurs
during infection with another alphaherpesvirus, we infected
neurons with the wild-type HSV-1 strain KOS. Mitochondrial
motility in axons of HSV-1-infected neurons was reduced to
18.6% ± 1.7% by 12–14 hpi and 5.7% ± 1.5% at 16–18 hpi.
Thus, mitochondrial motility is also disrupted during HSV-1
infection (Figure 1C andMovie S1). SinceMitoTracker Red stains
mitochondria with an active membrane potential, we wanted to
ensure that our analysis was not biased toward visualizing only
healthy mitochondria with intact membranes. We therefore
costained mock and infected neurons with both MitoTracker
Red and MitoTracker Green, which labels mitochondria regard-
less of their membrane potential (Ligon and Steward, 2000).
In both mock and infected neurons (at 16 hpi), the staining
pattern of these two dyes was virtually identical; nearly all of
the mitochondria colabeled with both dyes. This was unchangedost & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Inc. 505
Figure 2. Mitochondrial Morphology Is Altered
during PRV Infection
(A) Representative ROIs containing MitoTracker Red-
labeled mitochondria in axons from mock or PRV-
infected neurons (scale bars, 10 mm). Magnified por-
tions are shown to the right of each image (scale bars,
3 mm).
(B) Quantification of mitochondrial length at 16 hpi (n R
700 mitochondria per condition from at least six images
that were acquired for each experimental condition from
at least two biological replicates). Error bars represent
mean ±SEM. See also Movie S1.
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PRV Infection Disrupts Mitochondrial Transporteven at 24 hpi (Figure S1). Therefore, we conclude that, despite
causing a severe disruption of mitochondrial motility, PRV
infection does not increase mitochondrial membrane perme-
ability or damage compared to mock infected neurons. These
results are consistent with evidence that PRV-infected neurons
are viable at early stages of infection and can support all of the
functions that are necessary to complete an infectious cycle.
For example, infected cells synthesize viral proteins (Pomeranz
et al., 2005) and transport viral cargo (Movie S1; Antinone and
Smith, 2006). In addition, infected neurons are able to fire
APs (McCarthy et al., 2009). We therefore conclude that infected
cells grown in our culture conditions are viable and that mito-
chondrial membrane permeability does not increase during
PRV infection.
Disruption of Mitochondrial Motility Is Dependent on
Increased Action Potential Firing during Infection
Mitochondrial mobility is reduced in neurons when synaptic
activity and AP firing are increased (Li et al., 2004; Macaskill
et al., 2009). Previously, we have shown that beginning at 8–
10 hpi, PRV-infected neurons become electrically coupled,
a phenomenon which results in the propagation of sponta-
neous electrical activity with elevated AP firing rates (McCarthy
et al., 2009). We therefore tested the hypothesis that this
increase in AP firing during PRV infection is required for disrup-
tion of mitochondrial motility. AP firing rates do not increase in
neurons infected with a PRV strain that does not express glyco-
protein B (gB), an essential member of the viral membrane
fusion complex (McCarthy et al., 2009). The gB null strain repli-
cates with equivalent kinetics to wild-type PRV (Favoreel et al.,
2002) but does not facilitate the formation of fusion pores that
are required for electrical coupling of neurons during infection
(Curanovic and Enquist, 2009; McCarthy et al., 2009). We
observed that more mitochondria were motile in neurons in-
fected with a gB null mutant beginning at 12–16 hpi compared
to neurons infected with PRV Becker (17.3% ± 1.2% and
4.0% ± 0.7%, respectively) (Figure 1B and Movie S1). Elevated
mitochondrial motility in neurons infected with the gB null
strain was observed as late as 24 hpi but was reduced at
later times postinfection. Treatment of PRV Becker-infected506 Cell Host & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Inc.neurons with tetrodotoxin (TTX), a potent
inhibitor of AP firing, partially restored mito-
chondrial motility in infected cells (16.5% ±
2.4% in TTX-treated neurons) (Figure 1D).
TTX treatment did not alter mitochondrialmotility in neurons that were mock infected or infected with
a gB null strain of PRV. Combined, these results suggest that
elevated AP firing during infection is required for efficient
disruption of mitochondrial motility and that the inhibition of
motility is partially reversible.
Mitochondrial Morphology Is Altered during PRV
Infection
Arrest of mitochondrial transport during infection, and the
dependence of this phenomenon on elevated AP firing, is con-
sistent with the findings of previous studies on regulation of
mitochondrial dynamics through the Ca2+-sensitive mitochon-
drial membrane protein Miro (Macaskill et al., 2009; Wang and
Schwarz, 2009). In addition to regulating motility, Miro functions
as a Ca2+-dependent modulator of mitochondrial morphology
by activating mitochondrial fission proteins when intracellular
[Ca2+] is increased (Saotome et al., 2008), resulting in a short-
ening of mitochondrial length. In axons of PRV-infected neurons,
the mean mitochondrial length was reduced compared to mock
infected (0.77 ± 0.02 mm and 1.5 ± 0.03 mm, respectively)
(Figures 2A and 2B). Under conditions where AP firing is not
elevated or is inhibited during infection, the mean mitochondrial
length was increased compared to wild-type PRV infection
(1.1 ± 0.02 mm for PRV gB null-infected neurons and 1.2 ±
0.02 mm for PRV Becker-infected neurons treated with TTX)
(Figures 2A and 2B).
Intracellular [Ca2+] Increases over the Course
of PRV Infection
To test directly if [Ca2+] changes in neurons over the course of
infection, neurons were labeled with the Ca2+-sensitive fluores-
cent dye Oregon Green 488 BAPTA-1 AM (OGB-1) and imaged
at a rate of one frame every 10 min from 3 to 22 hpi (19 hr total).
Compared to mock infected neurons, the cell bodies of PRV
Becker-infected neurons became more fluorescent over this
time period, indicating that intracellular [Ca2+] increases over
the course of infection (Figures 3A and 3B). Furthermore,
beginning at 8–10 hpi, PRV Becker-infected neurons exhibited
fluorescent flashes representing changes in intracellular [Ca2+]
(Figure 3A and Movie S2). This observation coincides with the
Figure 3. Intracellular [Ca2+] Increases
during PRV Infection in Neurons and Is
Dependent on gB-Dependent Membrane
Fusion
(A and B) Mock and infected neurons were
stained with the Ca2+-sensitive dye OGB-1.
Neurons were imaged every 10 min between 3
and 22 hpi. (A) Change in fluorescence intensity
for individual neuron cell bodies over the course
of infection (following subtraction of background
fluorescence intensity). Bolded lines represent
the average change in fluorescence intensity for
each condition, while light lines show trends for
eight individual representative neurons for each
condition (total data are n = 22 for mock, n = 38
for PRV Becker, n = 18 for PRV gB null, acquired
from neuron cell bodies in two fields of the same
dish; additional biological replicates are pre-
sented in Figure S2A). (B) Representative images
of intracellular Ca2+ in mock and PRV infected
neurons between 3 and 18 hpi. Phase contrast
and OGB-1 staining (green) are shown (scale bar,
50 mm).
(C) Quantification of the percentage of motile
mitochondria in axons from PRV Becker-infected
SCG neurons at 16–20 hpi. Neurons were
treated with 2 mM EGTA (added at 0 hpi) or
150 mM CdCl2 (added at 15 hpi). Error bars
represent mean ±SEM. See also Figure S2 and
Movie S2.
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PRV Infection Disrupts Mitochondrial Transportonset of increased AP firing rates (McCarthy et al., 2009).
Moreover, because all of the neurons in the same region of
interest flashed synchronously, these Ca2+ changes likely result
from electrical coupling during infection. No such changes
were observed in mock infected neurons. Similarly, intracellular
[Ca2+] did not increase in gB null-infected neurons, indicating
that the elevation in intracellular [Ca2+] during infection is linked
to neuronal membrane fusion and electrical coupling (Figures
3A and 3B). Previously, our lab described an attenuated PRV
strain (PRV Bartha) that expresses the genetically encoded
Ca2+-sensitive fluorophore G-CaMP2. This study demonstrated
that changes in fluorescence were correlated with AP firing
during PRV infection of SCG neurons in vitro (Granstedt
et al., 2009).
To test whether the increase in intracellular [Ca2+] is required
for efficient disruption of mitochondrial motility during infection,
PRV Becker-infected neurons were treated with the Ca2+
chelator EGTA (to chelate extracellular Ca2+) or the voltage-
gated Ca2+ channel blocker CdCl2. Under both of these treat-
ments, we noted a small but statistically significant increase
in mitochondrial motility compared to untreated (9.3% ±
0.9% for EGTA and 7.6% ± 0.7% for CdCl2). These treatments
had a modest effect on decreasing intracellular [Ca2+] in PRV-
infected neurons as measured by OGB-1 fluorescence
(Figure S2B). These results suggest that influx of Ca2+ through
voltage-gated Ca2+ channels during infection is partiallyCell Host & Microbe 11, 504–responsible for the disruption of mito-
chondrial motility. However, the increase
in AP firing rates observed during
infection may trigger Ca2+ release intothe cytoplasm from other sources, such as the endoplasmic
reticulum.
The Transport Kinetics of the Small Pool of Motile
Mitochondria Is Altered during Infection
Despite a severe disruption of mitochondrial transport begin-
ning at 12–16 hpi, approximately 5% of mitochondria remained
motile during infection. Furthermore, this small fraction was
persistently observed even at 20–24 hpi (Figure 1B). We there-
fore determined if this pool of mitochondria that remained
motile during infection displayed transport kinetics and direc-
tionality similar to that of motile mitochondria in mock infected
neurons. To assess this, we modified our culture system to
distinguish whether mitochondria were moving in the antero-
grade or retrograde direction in axons (see the Supplemental
Experimental Procedures). Under these culture conditions, we
observed that the majority of mitochondria in mock infected
cells moved in the anterograde direction (58.0% ± 2.7%),
a figure that is consistent with previous studies (Ligon and
Steward, 2000). However, in axons of PRV-infected neurons
at 12–16 hpi, more mitochondria moved in the retrograde direc-
tion than in the anterograde direction (Figure 4A). Additionally,
during PRV infection, average velocities in both the antero-
grade and retrograde directions were reduced (Figure 4B).
Finally, in infected neurons, both the anterograde and the retro-
grade run lengths were shorter compared to mock infected514, May 17, 2012 ª2012 Elsevier Inc. 507
Figure 4. The Small Fraction of Motile Mitochondria in PRV-Infected
Axons Has Altered Transport Dynamics Compared toMock Infected
SCG neurons were grown in a modified system to assess the directionality
of mitochondrial movement. Measurements were made from ten axons for
each condition from two biological replicates (n = 243 mitochondria for mock
and n = 57 mitochondria for PRV Becker infected). Error bars represent
mean ±SEM.
(A) The percentage of mitochondria moving in the anterograde or retrograde
directions.
(B) The average velocity is defined as the weighted average velocity of all
instantaneous velocities that contributed to a net movement in one direction
and are not zero.
(C) The run length is defined as the distance a mitochondrion moved in one
direction before stopping for more than two frames. Each symbol represents
one measurement from mock (triangles) or PRV Becker-infected (circles)
axons.
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PRV Infection Disrupts Mitochondrial Transport(Figure 4C). Overall, these results suggest that in addition to
a severe disruption in mitochondrial motility, the transport
kinetics of the remaining motile mitochondria are altered during
infection.508 Cell Host & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier IPRV Infection Alters the Interaction of Kinesin-1 Heavy
Chain with Mitochondria
Mitochondria utilize microtubule-dependent molecular motor
proteins for efficient long-distance transport within neurons.
Considering the dramatic alteration in mitochondrial transport
dynamics during infection, we reasoned that mitochondrial
motor protein activity or binding may be altered. We therefore
tested if various motor protein subunits known to transport
mitochondria remain associated after PRV infection. Since it is
difficult to culture a sufficient quantity of primary neurons for
biochemical analyses, we took advantage of PC12 cells, a widely
used rat pheochromocytoma cell line that produces neurites
in the presence of nerve growth factor (NGF) and acquires
many of the characteristics of sympathetic neurons (Greene
and Tischler, 1976). PC12 cells are susceptible and permissive
to PRV infection and have been previously used for studying
transport dynamics of viral particles in axons (Lyman et al.,
2008). We therefore enriched mitochondria from mock and
PRV-infected PC12 cells and probed for the presence or
absence of various motor protein subunits using western blot
analysis.
Notably, kinesin-1 heavy chain (HC) was depleted from mito-
chondria that were enriched from PRV-infected PC12 cells
(Figure 5A). Kinesin-1 HC is the primary motor responsible for
plus-end microtubule-dependent transport of mitochondria
(Hollenbeck and Saxton, 2005). In contrast, we did not detect
a change in the levels of the kinesin-3 family member KIF1Ba,
which has been previously shown to transport mitochondria
along microtubules in vitro (Nangaku et al., 1994). Furthermore,
retrograde motion of mitochondria along microtubules in axons
is dependent on cytoplasmic dynein (Hollenbeck and Saxton,
2005).Wedid not detect a change in the levels of the dynein inter-
mediate chain IC74 in mitochondria isolated from mock and
PRV-infected cells (Figure 5A). This suggests apotential explana-
tion for the reduction in plus end-directed (anterograde) mito-
chondrial motility in axons of PRV-infected neurons (Figure 4).
To assess when depletion of kinesin-1 HC occurs during PRV
infection, we enriched mitochondria from samples collected at
different times postinfection. Since Miro1 is anchored in the
mitochondrial membrane and is required for recruitment of
kinesin-1 HC, we normalized the levels of kinesin-1 HC to
those of Miro1 within the enriched mitochondrial fraction at
each time point. We found that disruption of kinesin-1 HC
binding tomitochondria was a gradual process, with the greatest
depletion occurring late during infection (after 12 hpi; Figure 5B).
This timing is consistent with the most severe disruption of
mitochondrial motility late during PRV infection (between 12
and 16 hpi, Figure 1B). Coimmunoprecipitation experiments
confirmed that the association of kinesin-1 HC, but not dynein
IC74, with Miro1 is reduced during PRV infection (Figure 5C).
Overall, these experiments suggest that PRV infection changes
mitochondrial transport kinetics by disrupting kinesin-1 HC
recruitment to mitochondria through Miro1.
Disruption of Mitochondrial Motility during Infection
Is Dependent on the Ca2+-Sensitive EF Hand
Domains of Miro
Previous studies have shown that Miro has two Ca2+-sensitive
EF hand domains that are required for regulating motor proteinnc.
Figure 5. Western Blot Analysis of Mitochondrial Motor Protein Subunits during PRV Infection
(A) Mitochondria were enriched from PC12 cells that were mock or PRV Becker infected at 18 hpi. Kinesin-1 heavy chain (HC), dynein intermediate chain IC74,
and the kinesin-3 KIF1Ba are known mitochondrial motor protein subunits. Kinesin light chain (KLC) and kinesin-2 are nonmitochondrial motor protein subunits
and serve as controls for the purity of the mitochondrial enrichment preparation. Cytochrome c and mitochondrial HSP70 (mtHSP70) are loading controls.
(B) Mitochondria were enriched from mock or PRV-infected PC12 cells at the indicated times postinfection. At each time point, the levels of kinesin-1 HC were
normalized to those of Miro1, which recruits kinesin-1 HC to the mitochondrial surface. The mean of two biological replicates is shown with bars representing
the range.
(C) Lysates of mock or PRV-infected PC12 cells at 18 hpi were subjected to coimmunoprecipitation (IP) using anti-Miro1 antibodies. The input (left panels) and the
precipitate (right panels) were probed using antibodies against Miro1, kinesin-1 HC, and dynein IC74.
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PRV Infection Disrupts Mitochondrial Transportrecruitment and activity. WhenCa2+ is elevated in neurons due to
increased firing or pharmacological treatment, proper function of
these motifs is required for arrest of mitochondrial motility (Mac-
askill et al., 2009; Saotome et al., 2008; Wang and Schwarz,
2009). Since PRV infection results in elevated intracellular
[Ca2+] and disruption of kinesin-1 HC binding to mitochondria
through Miro, we hypothesized that Miro’s Ca2+-sensitive func-
tion is required for efficient disruption of mitochondrial motility
during infection. To test this, we compared mitochondrial
dynamics in PRV-infected neurons that express GFP-tagged
wild-type (GFP-Miro1) and mutated Miro proteins in which the
EF hands have been disrupted by changing essential glutamates
to lysines (GFP-Miro1DEF) (Fransson et al., 2006). Similar
constructs have previously been used to study Miro-dependent
regulation of mitochondrial dynamics (Fransson et al., 2006).
Since transfection of SCG neurons is inefficient, we inserted
expression cassettes for these constructs into the PRV genome
in a region that is nonessential for growth and spread in vitro
(Banfield and Bird, 2009) (Figure 6A). This strategy ensured
that each infected neuron would express one of these two
proteins. By fluorescence microscopy, we found that these
constructs properly localized to mitochondria in axons of in-
fected neurons that were colabeled with MitoTracker Red (Fig-
ure S3A). Western blot analysis showed that cells infected with
these viruses express similar levels of GFP-tagged proteins of
expected size (Figure S3B).Cell HCompared to PRV Becker- or PRV-infected neurons express-
ing wild-type GFP-Miro1 (PRV 197, here referred to as PRV
Miro1), mitochondrial motility was increased in neurons ex-
pressing GFP-Miro1DEF (PRV 198, here referred to as PRV
Miro1DEF) at 12–16 hpi (percentage motile mitochondria was
4.0% ± 0.7% for PRV Becker, 3.8% ± 0.4% for PRV Miro1,
and 13.9% ± 0.5% for PRV Miro1DEF) (Figures 6B and 6D,
andMovie S3). Furthermore, mitochondrial length was increased
in neurons infected with PRV Miro1DEF compared to PRV
Becker- or PRV Miro1-infected neurons (0.88 ± 0.02 mm for
PRV Becker, 1.05 ± 0.02 mm for PRV Miro1, and 1.4 ± 0.02 mm
for PRV Miro1DEF; Figure 6C). We conclude that effective
disruption of mitochondrial motility and morphology during
infection is dependent on the Ca2+-sensitive motifs of Miro.
Efficient Growth andSpread of PRVAreDependent upon
Disruption ofMitochondrialMotility through theEFHand
Domains of Miro
Since disruption of mitochondrial dynamics is required for
efficient infection by other pathogens (Stavru et al., 2011), we
next asked whether this phenomenon was also important for
efficient alphaherpesvirus infection. We thus compared the
growth and spread properties of the PRV strains expressing
wild-type and mutant EF hand Miro proteins.
Viruses that are defective in growth or spread often exhibit
a small plaque-size phenotype (Tirabassi and Enquist, 1999).ost & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Inc. 509
Figure 6. The Ca2+-Sensitive EF Hand Motifs of
Miro1 Are Required for Efficient Disruption of
Mitochondrial Dynamics during PRV Infection
(A) Schematic representation of the genomes of PRV
strains that express diffusible GFP (PRV 151; referred to as
PRV GFP), GFP-Miro1 (PRV 197; referred to as PRV
Miro1), and GFP-Miro1DEF (PRV 198; referred to as PRV
Miro1DEF). These proteins are expressed from the CMV
promoter in the nonessential gG locus in the wild-type
PRV Becker background.
(B) Quantification of the percentage ofmotilemitochondria
in axons of neurons infected with PRV Becker, PRVMiro1,
or PRV Miro1DEF at 12–16 hpi.
(C) Quantification of mitochondrial lengths (n R 700
mitochondria per condition from six images that were
acquired for each experimental condition from two bio-
logical replicates). Error bars represent mean ±SEM.
(D) Representative kymographs of mitochondria in SCG
axons infected with PRV Miro1 and PRV Miro1DEF. See
also Figure S3 and Movie S3.
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PRV Infection Disrupts Mitochondrial TransportTherefore, we analyzed plaques formed on epithelial cells (PK15
cells) by PRV 151 (expresses diffusible GFP; hereon referred to
as PRV GFP; Figure 7A), PRV Miro1, and PRV Miro1DEF. The
diameters of the plaques formed at 48 hpi by PRV Miro1DEF
were significantly smaller than those formed by PRV GFP and
PRV Miro1 (mean plaque size was 614.0 ± 5.9 mm for PRV
GFP, 547.4 ± 5.5 mm for PRV Miro1, and 276.8 ± 2.9 mm for
PRV Miro1DEF; Figures 7A and 7B). Three independently iso-
lated clones of PRV Miro1 and PRV Miro1DEF displayed similar
phenotypes (Figure S3C). Next, to assess the growth kinetics of
these strains, we performed single-step growth curves in PK15
cells. Compared to PRVGFP and PRVMiro1, growth of PRVMir-
o1DEF was kinetically delayed during the earlier stages of infec-
tion but was equivalent by 24 hpi. The growth curves for both the
extracellular and cell-associated fractions exhibited similar
patterns (Figures 7C and 7D). Combined, these results suggest
that Miro’s Ca2+-sensing function is required for efficient spread
and growth of PRV in nonneuronal cells.
To test whether disruption of mitochondrial motility through
Miro function is important for spread in neurons, we took advan-
tage of a compartmentalized neuronal culture system (Ch’ng and
Enquist, 2005). In this system, dissociated SCG neurons are
seeded in the soma (S) compartment and allowed to mature
for 2 weeks. During this period, axons grow through grooves
across the methocellulose (M) compartment and extend into
the neurite (N) chamber. Prior to infection, indicator PK15 cells
are plated on top of the neurites in the N compartment to amplify
virus and facilitate detection of anterograde spread. When
neuron cell bodies in the S compartment are infected, virus parti-
cles spread into the N compartment exclusively through the510 Cell Host & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Inc.axons that extend and contact PK15 cells.
Thus, this system can be used to assess the effi-
ciency of anterograde sorting and spread of
different virus strains in neurons in vitro.
Using this system, we compared the antero-
grade spread capabilities of PRV GFP, PRV
Miro1, and PRV Miro1DEF (Figure 7E). For all
of these strains, there was no significantdifference in the viral titers in the S compartment at 24 hpi,
consistent with the growth curves shown in Figures 7C and 7D.
However, spread to the N compartment was reduced more
than 10-fold in chambers infectedwith PRVMiro1DEF compared
to those infected with PRV GFP or PRV Miro1. While our
chamber assay is dependent upon the presence of a detector
layer of PK15 cells in the N compartment, PRV Miro1DEF
reached equivalent titers by 24 hpi (Figures 7C and 7D). This is
the same time point at which we harvested the S and N com-
partments of our chambers (Figure 7E). This suggests that the
ability of Miro to sense changes in intracellular [Ca2+] through
its EF hand domains and modulate mitochondrial dynamics is
required for efficient neuronal spread of PRV in vitro.
Overall, we conclude that efficient disruption of mitochondrial
motility during infection is dependent on Miro’s Ca2+-sensitive
function. Additionally, from the three assays presented in Fig-
ure 7, efficient disruption of mitochondrial motility though Miro
function is required for growth and spread of PRV.
DISCUSSION
Mitochondria are important for many essential cellular pro-
cesses, such as meeting metabolic demands, maintaining
Ca2+ homeostasis, and regulating apoptosis. Thus, it is not
surprising that defects in mitochondrial function are implicated
in many well-known neurodegenerative disorders, including
Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotro-
phic lateral sclerosis (ALS), and Huntington disease (HD) (Sheng
and Cai, 2012). Moreover, an increasing number of microbial
pathogens, including viruses and bacteria, alter mitochondrial
Figure 7. Disruption of Mitochondrial Motility through Ca2+-Sensitive Miro Function Is Required for Efficient Growth and Spread of PRV
(A) GFP-fluorescence of representative plaques from PRV GFP-, PRV Miro1-, and PRV Miro1DEF-infected PK15 cells at 48 hpi (scale bars, 100 mm).
(B) Quantification of plaque diameters at 48 hpi (nR 700 plaques per virus strain from two biological replicates). Error bars represent mean ±SEM.
(C and D) Single step growth curve analysis of PRV GFP, PRV Miro1, and PRV Miro1DEF on PK15 cells (n = 3 technical replicates per time point per virus strain).
(E) Quantification of the efficiency of anterograde axonal spread using a chambered neuronal culture system. Cell bodies in the S compartment were infected at
a high moi with PRV GFP, PRV Miro1, or PRV Miro1DEF. Three chambers were used for each viral strain. At 24 hpi, the entire contents of the S and N
compartments were harvested separately and titered on PK15 cells using a standard plaque assay.
(F) Schematic model for the mechanism by which PRV infection alters mitochondrial motility and morphology.
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PRV Infection Disrupts Mitochondrial Transportdynamics during infection (Ohta and Nishiyama, 2011). Here we
show that neuroinvasive alphaherpesviruses cause a dramatic
alteration of mitochondrial motility and morphology in neurons
in vitro. This represents a pathogenic effect of alphaherpesvirus
infection in neurons. Based on our findings, we suggest that
disruption of mitochondrial dynamics is an epiphenomenon re-
sulting from a series of convergent events that occur during
infection (Figure 7F).
Previously, McCarthy et al. showed that expression of viral
membrane fusion proteins, such as gB, during infection leads
to the formation of fusion pores at sites where neuronal
membranes are in close contact. These pores allow for the free
flow of ions and electrical signals between cells, thus allowing
rare and spontaneous APs that occur in one neuron to propagate
throughout the entire network. Therefore, PRV infection results in
elevated and synchronous AP firing activity beginning at 8–10 hpi
by electrical (not synaptically mediated) coupling of neurons
(McCarthy et al., 2009).Cell HIn this study, we show that the alteration in neuronal electrical
activity is required for efficient disruption of mitochondrial
dynamics during infection (Figures 1 and 2). Importantly, over
the course of PRV infection, we observed a dramatic increase
in intracellular [Ca2+] compared to mock infected cells (Figures
3A and 3B). Consequently, mitochondrial motility and mor-
phology are altered due to the function of Miro (Figures 6B and
6C), a protein that regulates mitochondrial dynamics in response
to changes in intracellular Ca2+. According to our model, this
leads to an alteration of mitochondrial motor protein activity (Fig-
ure 4), including a disruption in kinesin-1 HC recruitment (Fig-
ure 5) and a significant reduction in motility after 12 hpi
(Figure 7F).
While elevated AP firing is required for efficient disruption of
mitochondrial motility during infection, additional mechanisms
likely contribute to this phenomenon. As evidence of this, we still
observed a decrease in motility in neurons infected with a PRV
strain that is gB null, a condition during which AP firing ratesost & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Inc. 511
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Additionally, we observed a reduction in motility as soon as
0–4 hpi, prior to the onset of elevated AP firing activity (McCarthy
et al., 2009). Thus, we conclude that additional viral or cellular
pathways may play a role in disrupting motility. While Miro-
dependent Ca2+ sensitivity is perhaps the best-characterized
regulator of mitochondrial dynamics, other levels of regulation
are known to exist. These include proteins such as syntaphilin
(Kang et al., 2008) and syntabulin (Cai et al., 2005), or other
proteins such as O-GlcNAc transferase (OGT), that may regulate
mitochondrial dynamics in response to metabolic changes (Gla-
ter et al., 2006). The latter option is appealing since herpesvirus
infections, including HSV-1, are known to dramatically alter the
metabolic profiles of a variety of cell types to support viral growth
(Vastag et al., 2011). Another possibility is that viral proteins
function to directly or indirectly disrupt mitochondrial mobility.
Candidates include viral proteins that localize to mitochondria,
such as pUL7 (Tanaka et al., 2008) and pUL12.5 (Ishihara
et al., 2009). These mechanisms may contribute to disruption
of motility either alone or in concert.
Disruption of mitochondrial motility is required for efficient
growth and spread of PRV. Furthermore, the recruitment of
kinesin-1 HC to mitochondria is disrupted through Miro. This
raises the possibility that kinesin-1 HC is hijacked and repur-
posed for movement of viral particles or protein complexes
during assembly and/or egress (Figure 7F). While this model is
speculative, it is consistent with previous findings showing that
PRV and HSV-1 utilize kinesin-1 for transport (Dodding and
Way, 2011). Our findings are also consistent with previous
work indicating that mitochondria accumulate at a perinuclear
region of the cytoplasm during HSV-2 infection of epithelial cells
(Murata et al., 2000).
Two published models have been proposed to explain how
mitochondrial motor protein activity is regulated by the Ca2+-
binding EF hands of Miro in response to changes in Ca2+ flux.
MacAskill et al. showed that Ca2+ binding to Miro detaches
kinesin-1 HC from mitochondria (MacAskill et al., 2009). In
contrast, Wang and Schwarz demonstrated that Ca2+ binding
permits Miro to interact directly with the motor domain of
kinesin-1 HC, thus preventing its engagement with microtubules
(Wang and Schwarz, 2009). Since the percentage of mobile
mitochondria during infection is reduced prior to the disruption
of kinesin-1 HC binding (Figure 1B and Figure 5), we propose
that PRV may disrupt motility through a graduated process
involving a combination of these two mechanisms. Prior to
12 hpi, motility is reduced but kinesin-1 HC remains associated
withmitochondria, potentially due to ‘‘on’’ and ‘‘off’’ binding of its
motor domain to Miro. However, after the onset of elevated AP
firing and extended exposure to increased intracellular [Ca2+],
Miro proteins release kinesin-1 HC from mitochondria, thus
accounting for the sharper decrease in motility observed
beginning at 12–16 hpi. Interestingly, Wang et al. recently re-
ported that the serine/threonine kinase PINK1 and the ubiquitin
ligase Parkin arrest mitochondrial movement by targeting Miro
for degradation in response to mitochondrial damage. As
a consequence, kinesin-1 HC becomes detached from the
surface of mitochondria (Wang et al., 2011). While we did not
find evidence that PRV infection resulted in loss of mitochondrial
membrane integrity (Figure S1) or Miro degradation (Figure 5B), it512 Cell Host & Microbe 11, 504–514, May 17, 2012 ª2012 Elsevier Iis possible that the molecular signs of mitochondrial damage
become apparent at later times postinfection.
Retrograde motility of mitochondria, which is dependent on
dynein motors, was also altered during PRV infection (Figure 4).
However, unlike kinesin-1 HC, we did not observe a disruption in
dynein IC74 binding during infection (Figures 5A and 5C). Very
little is currently known about the molecular details of dynein
recruitment and activation on the surface of mitochondria,
including which subunits are required. Since dynein is a large
multisubunit complex, one possibility is that dynein heavy-chain
recruitment is disrupted during infection, but not the interme-
diate chain IC74 (Hollenbeck and Saxton, 2005). Another possi-
bility is that dynein function on the surface of mitochondria is
dependent on the presence of kinesin-1 HC. For several organ-
elles that undergo bidirectional transport, motility in either direc-
tion is dependent on simultaneous recruitment of opposite
polarity motors (Welte, 2004).
Mutation of Miro’s EF hand domains may have additional
implications for PRV growth and spread. In uninfected neurons
that are subject to excitotoxic stress, where intracellular [Ca2+]
is increased due to elevated neuronal firing activity, the EF hands
of Miro function to properly regulate mitochondrial dynamics in
order to protect neurons from apoptotic death (Wang and
Schwarz, 2009). Our finding that PRV induces a dramatic
increase in intracellular [Ca2+] in neurons is significant. It is
remarkable that neurons cultured in vitro are able to survive for
several days postinfection (McCarthy et al., 2009) and do not
die of excitotoxic Ca2+ overload (Pivovarova and Andrews,
2010). This prolonged survival is likely mediated by the functions
of viral antiapoptotic proteins, which may have evolved to main-
tain cell viability in anticipation of excitotoxic and other types of
stress that are induced during infection in vivo.
If elevated Ca2+ flux is cytopathic, why is it induced by PRV
infection, and is it necessary for efficient progression of the
infectious cycle? Since Ca2+ signaling is a key regulator of many
fundamental cellular processes and facilitates various aspects
of infection for many viruses (Chami et al., 2006), the answer to
this question is not necessarily straightforward. One hypothesis
for its role in PRV infection is that elevated [Ca2+] may facilitate
viral spread of infection at synapses by triggering Ca2+-depen-
dent membrane fusion, similar to the mechanism underlying
synaptic vesicle exocytosis. The source of theCa2+ influx remains
unknown, and its identification may contribute to our under-
standing of its role during infection. Since intracellular [Ca2+] did
not increase in neurons infected with a gB null PRV strain, Ca2+
influx duringwild-type PRV infection likely results from the effects
of elevated AP firing leading to activation of cell-surface voltage-
gated Ca2+ channels. However, Ca2+ may also be released into
the cytoplasm from other sources. For example, HSV-1 and the
betaherpesvirus human cytomegalovirus (HCMV) have been
shown to induce Ca2+ release from the endoplasmic reticulum
(Cheshenko et al., 2003; Sharon-Friling et al., 2006).
Future work will focus on determining whether changes in
intracellular [Ca2+] and alteration of mitochondrial dynamics
also occur as a result of alphaherpesvirus infection in vivo.
Multiple clinical andmolecular studies of neuronal activity during
alphaherpesvirus infection in natural and nonnatural hosts
suggest that this is likely. Several key symptoms that emerge
following human alphaherpesvirus infections may be attributednc.
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2007). Additionally, in vivo electrical recordings of PRV-infected
rat SCG ganglia exhibited increased neuronal firing activity
compared to uninfected ganglia (Dempsher et al., 1955; Liao
et al., 1991). In agreement with these findings, in vivo imaging
of submandibular ganglion (SMG) neurons infected with PRV
Bartha expressing G-CaMP2 exhibited frequent and prolonged
Ca2+ transients by 72 hpi (Granstedt et al., 2009). Unpublished
data from our lab show that optical recordings of SMG neurons
infected with a virulent PRV strain that expresses G-CaMP3
displayed frequent and synchronous Ca2+ transients (A.E.
Granstedt and L.W.E., unpublished data), similar to those that
we observed in this study. Thus, although neuronal architecture
in host tissues is organized quite differently from that of
pure dissociated cultures in vitro, these studies support the
hypothesis that alteration of neuronal activity during infection is
due to PRV-dependent fusion of membranes between synapti-
cally connected neurons and/or surrounding glial cells. Further
work is necessary to assess the putative effects of altered
neuronal activity and increased Ca2+ flux on mitochondrial
dynamics in vivo and the relevance of this epiphenomenon
to alphaherpesvirus pathogenesis.
EXPERIMENTAL PROCEDURES
Viruses, Cells, and Neuronal Cultures
Viral stocks were propagated in cells grown with Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 2% fetal bovine serum and 1% penicillin/
streptomycin (all from HyClone, Logan, UT). Embryonic rat SCG neurons were
isolated as described previously (Ch’ng et al., 2005). For infection of SCG
neurons, cells were incubated with 106 PFUs (titered on PK15 cells) of the
indicated viral strains. The calculated multiplicity of infection (moi) is around
200 PFUs per cell body plated. These infection conditions have been previ-
ously demonstrated to allow for a synchronous infection of all of the neuron
cell bodies in the culture dish (Ch’ng et al., 2005; McCarthy et al., 2009). Addi-
tional details are provided in the Supplemental Experimental Procedures.
Reagents
Mitotracker Red CMX Ros (10 nM), Mitotracker Green (10 nM), and Oregon
Green 488 BAPTA-1 AM (OGB-1; 5 mM) were diluted in sterile DMSO and
used according to the manufacturer’s instructions (Invitrogen, Carlsbad,
CA). TTX, EGTA, and CdCl2 were purchased from Sigma-Aldrich (Saint Louis,
MO), diluted in tissue culture grade water, and sterile filtered.
Microscopy and Image Analysis
Imaging experiments were performed on a Nikon Ti-Eclipse inverted epifluor-
escence microscope (Nikon Instruments, Tokyo, Japan). For analysis of mito-
chondrial motility, movies of MitoTracker Red stained mitochondria were
acquired at a rate of 1.2 frames per second (for 3 min) in 2,500 mm2 regions
of interest (ROIs) containing at least 100 mitochondria. A total of at least six
movies were acquired for each experimental condition from at least two
biological replicates. Additional details are provided in the Supplemental
Experimental Procedures.
Statistical Analysis
One-way ANOVA with Tukey’s post-test or the Mann-Whitney U test was
performed using GraphPad Prism 5.0d for Max OS X (GraphPad Software,
San Diego, CA, http://www.graphpad.com/). Numbers included in the bar
diagrams, text, and figure legends throughout the manuscript indicate the
mean ±SEM. Throughout the manuscript, ns is not significant, * is p < 0.05,
** is p < 0.01, and *** is p < 0.001.
Mitochondrial Enrichment and Coimmunoprecipitation
NGF-differentiated PC12 cells were used for mitochondrial enrichment and
coimmunoprecipitation experiments, which were performed as previouslyCell Hdescribed but with modifications (Cristea and Chait, 2011a, 2011b; Wang
and Schwarz, 2009). Additional details are provided in the Supplemental
Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes three figures, three movies, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article at doi:10.1016/j.chom.2012.03.005.
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